Abstract-The charge transfer technique, which is capable of operating in charge accumulation-mode, is suitable for use in pH-imaging to detect small changes in potential. An advanced charge-transfer-type hydrogen ion image sensor consisting of 128 × 128 pixels with a 23-µm pixel pitch is fabricated. A new scanning system and high-performance drive buffer circuits are adopted to achieve high frame rates. For miniaturization of the sensor pixels, we developed an advanced new fabrication process. The pH sensitivity is 32.8 mV/pH when using standard pH solutions. Videos of the movement of hydrogen ions are clearly obtained with the 128 × 128 pixels display, and photo images are taken simultaneously with the videos of the movement of hydrogen ions. A frame rate of 58 frames per second is realized with this image sensor.
(ISFET) [1] [2] [3] [4] [5] [6] , light-addressable potentiometric sensors [7] and capacitance-type sensors [8] are mainly used in these fields. Among these variants, charge-transfer-type ion-sensor devices [9] , [10] exhibited higher sensitivity by making use of the charge accumulation technique. Our studied the chargetransfer-type ion image sensors with a photo-image acquisition function [11] , [12] , and applied them to the field of biochemical analyses [5] , [13] . These sensors, which have a 32 × 32 pixel arrangement [14] , achieved outputs with lower variability between each pixel than those achieved by other groups [1] . Ion image sensors, which use a smaller pixel pitch, more pixels, and a higher frame rate, are required for the analysis of cell membranes and for the responses of neural networks. We focus on the fabrication of an advanced chargetransfer-type hydrogen ion image sensor with a photo-image actuation function, which has a 128 × 128 pixel configuration, a high pixel density, and high frame rate performance. To meet these requirements, a specific fabrication process for an ion image sensor based on complementary metal-oxide semiconductor (CMOS) large-scale integration circuits is developed. A new scanning method and output circuits with low output impedance are adopted to realize a higher frame rate. The proposed sensor is performed to measure the hydrogen ion sensitivity, output signal variation, and hydrogen ion imaging without accumulation. In this paper, the basic performance without accumulation are reported.
II. FABRICATION PROCESS AND SENSOR STRUCTURE

A. Circuit Design for Higher Flame Rate
Our proposed sensor includes a 128 × 128 pixel array, which means that it has 16 times more pixels than our previous sensor with 32 × 32 pixels. To achieve a higher frame rate, which is the time taken to scan a whole pixel; an advanced read-out system is adopted for the hydrogen ion sensor.
The basic sensing principle is described here. A sensing element for hydrogen ions using the charge-transfer technique is shown in Fig. 1 in which a cross-sectional view at the time of the hydrogen ion measurement is shown. Hydrogen ion measurement procedures using the charge-transfer technique are shown in Fig. 1 level in the FD is reset as shown in Fig. 1(b) . In Fig. 1(c) , the charge sensor area corresponds to the potential level, which is varied by hydrogen ion concentration (pH), and is maintained under the sensor area by the fill and spill technique [9] . In Fig. 1(d) , the charge is transferred to the FD by increasing the potential of the TG electrode, and the potential of FD is also changed. An output signal is obtained from the variation of the FD potential through a source follower circuit. When the procedures shown in Fig. 1(c) and (d) are repeated again, the signal charges in the FD region can double. Use of the accumulation method for the signal charges is a big advantage for our sensor, because the accumulation method is capable of signal amplification. Rate limitations in terms of operating time in our previous sensor are analyzed as being mainly due to three factors, which are the read-out time of the reset level, the charge-transfer time, and the read-out time of the signal level. Diagram of a sensor system with a sensing pixel and output circuits are shown in Fig. 2 . The reset level is read by a buffer element to the V OUT line. The signal level after the charge transfer is also read using the same line. The charge transfer time is the time required for the charges in the sensor area to be completely transferred to the FD region. The previous system operated in a serial mode, which included two main functions; three steps are operated seriatim on each pixel, and the signals from each pixel are read in number order, as shown in Fig. 3(a) . The total pixel read-out time (T C TOTAL ) of the conventional sensor can be determined as shown below
where T RL is the read-out time of the reset level, T CT is the charge transfer time, T SL is the read-out time of the signal level, and N C TOTAL is the total number of pixels, which is 1024 pixels on a conventional 32 × 32 array sensor. When the number of pixels increased to 16384 pixels for our proposed 128 × 128 array sensor, the total time would be 16 times longer. Therefore, it is necessary to improve the operation sequence.
We focused on improving T CT to reduce T C TOTAL , because T CT is longer than T RL and T SL for transferring the charge in the sensor area to the FD region. Because charge transfer of T CT is capable of operating independently for each pixel, the sequence is changed to transfer all of the pixels simultaneously. In case of this system, the operating sequence became that shown in Fig. 3(b) . Firstly, a reset-level read-out action is operated continuously on each pixel. Secondly, the chargetransfer action is operated simultaneously. Finally, the signallevel read-out action is carried out serially for each pixel. This time sequence is shown in (2) . For this sequence, the effectiveness in terms of reducing the total time by comparing with a conventional sequence can be calculated using (3)
where R CT is the ratio of the total charge transfer time in the new system to the total sensing time in the conventional system (T C TOTAL ), and R RS+RO is the ratio of the total reset level and the signal level read-out time in the new system to T C TOTAL . The ratio of T CT to the sum of T RL and T SL is about five in (4). The calculated results for R CT and R RS+RO are shown in (5) and (6)
In these results, T CT , which has the longest operation time, became negligibly small. Additionally, T G TOTAL is reduced to an increment of 3.2 times, in spite of the fact that there are 16 times as many pixels.
To decrease the time required for the read-out cycle, the read-out circuit is improved. This is because the read-out times for the reset level and for the signal level is the main limitations affecting the total time of the system. The buffer circuit driver is redesigned for faster operation than that of the previous system. Therefore, the total sensing time for the new system is higher than the total sensing time for the conventional system, in spite of the number of pixels increasing.
B. Miniaturization of Fabrication Process
The ion-image sensor with the 32 × 32 pixel array used a 5-μm gate-length rule process for the ion image sensor. To meet the demands of further miniaturization, a new fabrication technology is developed, including a specialty process. The new fabrication process, with a dummy layer for the area of the miniaturized sensor, is shown in Fig. 4 . The sensing area consists of a Si 3 N 4 film deposited by thermal LP-CVD as the sensing membrane. After depositing a top passivation layer of SiN X , as shown in Fig. 4(a) , it is necessary to openup the sensor membrane by using the dry-and wet-etching techniques. The Si 3 N 4 that forms the sensing membrane can be damaged during the plasma-assisted dry etching process, and the pH sensitivity of the membrane was reduced in our past experiences. Therefore, the membrane should be opened by wet etching. In our previous paper, the structure of the sensing area are not controlled precisely because the SiO X layer that is used for passivation is etched isotropically by a wet-etching process and lateral etching of the side-walls occurred. The new fabrication process with a dummy polySi layer controlled the size of the sensing area precisely. The sensing area is covered in advance by the poly-Si dummy layer, and the top passivation layer (SiN X ) and the isolation layer (SiO X ) are able to be etched by using the dry-etching processes. After the dry-etching processes, the poly-Si layer is removed by using an etching solution. By employing the new fabrication process, the space between the sensing area and the aluminum for the wiring, as shown in Fig. 4(b) , can be kept stable to protect it from erosion. The fabrication process of the sensor and the peripheral circuit used a gate length of 2 μm and a contact size of 0.6 μm. A scanning electron microscope (SEM) image of the sensor area is shown in Fig. 5 . The image zooms in on part A of Fig. 4(b) . The Si 3 N 4 is able to be opened without damage by dry etching and the inclusion of the poly-Si dummy layer.
Therefore, a 128 × 128 pixel sensor that is 23.55-μm-square per pixel, downsized from 130-μm-square per pixel, is achieved for our latest sensor.
C. Sensor Array System
A sensor system including the 128 × 128 sensor pixel array is designed using CMOS technology, as shown in Fig. 6 . The new operating sequence and driver circuit are designed as discussed previously. A timing generator and a shift register are integrated onto the chip to reduce the size of the external operating system, which are not integrated in our previous chip. In addition, the peripheral circuits consist of both horizontal and vertical scanners. The chip includes six power supply ports; analog V DD (applied 5 V) and GND for the source follower, digital V DD (5 V) and GND for the scanner, and sensor V DD (2.5 V) and V SS (−2.5 V). The number of other input ports is five, two clocks (CL1 and CL2), two resets (RES1 and RES2), and a mode switch (Mode SW1) to change of hydrogen ion or photo measurement. The output port that transfers the reset and read signal is one. In addition, external reference electrode is used and applied a constant voltage (between 0.0 and 2.0 V), which is capable to select by the users.
III. RESULTS
A hydrogen ion image sensor is fabricated by using a 2 μm process. Photographs of the sensor chip and sensor pixel are shown in Fig. 7 . The sensor area with 128 × 128 pixels is 3 × 3 mm square. The pixel size is 23.55 μm × 23.55 μm and included a hydrogen ion sensing area with an exposed Si3N4 sensing membrane.
To measure the hydrogen ion sensitivity of the sensor, three buffered pH standard solutions are used. The results of pH sensitivity measurements by using a pixel of the new sensor chip are shown in Fig. 8 . The output voltage is changed by each of the standard pH buffer solutions. A glass reference electrode is used to apply a constant voltage to the solutions. We confirmed that there is no leak current between the electrode and the chip. The sensitivity, including readout circuit and charge transfer amplification, is 35.8 mV/pH. The standard deviation of the sensitivity of whole pixel achieved is 6.5%. For the stability assay, the pH output signal of a pixel is continuously monitored as shown in Fig. 9 . The time variation of the pH signal is shown in Fig. 9(a) . The ± 3-σ pH variation is 0.107 pH, as calculated from Fig. 9(b) , which is the pH distribution graph of Fig. 9(a) . The variation is estimated to effect by the variation of the buffer circuits. The variability is similar to the commercially pH sensor of ISFET. The sensitivity and stability are sufficient to measure pH in the intended applications. A demonstration of real-time hydrogen ion imaging by using the sensor chip is carried out. Snap-shots from a video showing ion movement and a photo image that is taken simultaneously are shown in Fig. 10 . Firstly, a solution at pH 9.18 is introduced onto the surface of the chip and uniformly covered the sensor area, as shown in Fig. 10(a) . The results showed that variations of the output signal between each pixel are small. The pH output signals for each pixel in Fig. 10 (a) are shown in as Fig. 11 . The graph shows the cumulative probability and distribution of the output signal. The cumulative probability between pH 8.8 and pH 9.2 is between 0.1% and 99.9%. Therefore, the sensor is capable of 2-D pH imaging with high accuracy A snap-shot of the dropping of a pH 4.01 solution 10 s after the image in Fig. 10(a) is shown in Fig. 10(c) . The dropping solution is discharged in the direction diagonal to the vertical direction. Therefore, the positions of the silhouette in the photo image and hydrogen ion signal appear in different areas. The images captured 1 s after Fig. 10 (c) are shown in Fig. 10(d) . The dropped solution diffused and spread out over the area of the sensor. The hydrogen ion image showed the hydrogen ion distribution more clearly compared with our previous sensor image. Additionally, the frame rate obtained is 58 frames per second, which is higher than the 5 frames per second for our previous sensor chip, in spite of increasing the number of pixels. A comparison of characterizations is made using our new sensor chip and a conventional sensor chip is shown in Table I . We successfully fabricated a new hydrogen ion and photo image sensor with high spatial resolution, a high number of pixels, a high frame rate, and a charge accumulation function. Clear hydrogen ion and photo images are obtained. Fig. 10(a) .
IV. CONCLUSION
We fabricated a high-density pixel and high frame rate image sensor that was able to sense hydrogen ions and photograph them. A new sensor operating method was used to remove the time delay for charge transfer. The array sensor system was redesigned, including timing generator, scanners, and an integrated driver. The fabrication process was improved to enable the miniaturization of the sensor pixels. A new sensor-area fabrication technique and 2-μm gate rules were used. The size of the sensor area with 128 × 128 pixels was 3 × 3 mm. The size of each pixel was 23.55 × 23.55 μm. The hydrogen ion sensor of the new sensor chip was confirmed as having a sensitivity of 32.8 mV/pH. Hydrogen ion and photo images of 128 × 128 pixels were obtained clearly. The frame rate was confirmed as 58 frames per second, which was higher than the rate of 5 frames per second in previous paper. This sensor is expected to be a beneficial tool for biochemical applications.
